. This phenomenon has resulted in difficulties regenerating oak stands because a sufficient amount of vigorous advanced oak reproduction must be present prior to harvest for stand replacement (Loftis 1983 , Sander et al. 1984 , Larsen and Johnson 1998 . Without advanced reproduction, the ability to successfully regenerate oak stands after harvest is greatly diminished without extraordinary efforts and costs.
Acorn survival and germination is a major factor influencing the development of advanced oak reproduction. However, few acorns ever germinate into seedlings due to factors such as losses from predation and exposure of acorns to unfavorable environmental conditions (Crow 1988 , Ostfeld et al. 1996 .
Acorns are consumed by many wildlife species (Johnson 1994) . White-tailed deer (Odocoilus virginianus) are voracious consumers of acorns and can eliminate a large proportion of a year's production (Ostfeld et al. 1996) . They are considered to be the largest overall acorn predator in some areas (Steiner 1995) . In years with low to moderate acorn production, predators may consume the majority of viable acorns before germination can take place (Crow 1988) . Small mammals, insects such as weevils (Curculio spp.), and fungal infections can also decrease acorn survival and germination (Marquis et al. 1976 , Steiner 1995 . Because of high predation and low germination rates, in many years the establishment of oak germinants can be limited or eliminated.
Compared to those on the soil surface, acorn germination tends to increase when acorns are buried (Griffen 1971 , Janzen 1971 , Guo et al. 1999 . Buried acorns are less susceptible to insect and animal damage (Auchmoody et al. 1994 , Nilsson et al. 1996 . In addition, buried acorns are protected from environmental conditions such as desiccation and freezing (Sluder et al. 1961, Olson and Boyce 1971) .
Many authors suggest that soil scarification may enhance advanced oak reproduction (Scholz 1959 , Crow 1988 , Johnson et al. 1989 , Bundy et al. 1991 , Zaczek et al. 1997 . However, there is only limited evidence that soil scarification increases the number of new oak germinants compared to nonscarified soil (Scholz 1959 , Zaczek et al. 1997 ). In addition, scarification has not been conducted in stands dominated by white oak (Quercus alba L.). Thus, the effect of soil scarification on white oak acorns, which initiate germination in the fall (Rogers 1990) , is unknown.
It has been suggested that soil scarification promotes favorable germination conditions for acorns, provides protection from predation, and plays a role in controlling competing vegetation (Crow 1988 , Zaczek et al. 1997 . A principal reason behind these benefits is that soil scarification can help to increase acorn survival and germination by incorporating acorns into the upper soil horizon(s) (Zaczek et al. 1997 , Zaczek 2002 ). Thus soil scarification may augment oak reproduction in areas with high acorn predation or those that lack favorable conditions for germination. This study reports on the effects of soil scarification on seedling density and midstory survival six months and one year after treatment in a midsuccessional mixed-oak upland forest in southern Illinois.
Methods
The study site was located within the Interior Low Plateau, Shawnee Hills Section, Greater Shawnee Hills physiographic region of southern Illinois (Keys et al. 1995) (Fehrenbacher and Odell 1959) and the topography was gently sloping and drained by a small perennial stream on the western half.
The overstory composition of the stand was estimated using twenty 7.98 m radius (1/50 ha) overstory plots that were established across four representative transects in the stand. All live trees ≥ 9.0 cm dbh were measured. To estimate midstory composition at each overstory plot center, a 2.82-m-radius midstory plot was established to measure all trees > 1.5 m in height, but less that 9.0 cm dbh.
Eight paired parallel transects were established in September 1999 in areas of the stand containing large acorn crops, determined by observing tree crowns with binoculars. Paired transects were of similar length and generally ranged from 46 to 88 m long and 6 to 10 m apart. In addition, each pair was located ensuring similar overstory composition and estimated acorn crop.
During October 1999, after seedfall, ten 0.75-m-radius vegetation plots were randomly located at even intervals along the centerline of each transect, and the pretreatment density (number ha -1 ) of tree seedlings were estimated. In these plots, height (cm) for all seedlings <1.5 m in height was measured. In addition, the proportion of cover by species for all woody vines and shrubs was ocularly estimated in each plot.
To estimate the viable acorn crop, three to five 1 m 2 exploratory plots were placed along the center line of each transect. In five paired transects where the seed crop was estimated to be low, locally collected white oak and northern red oak (Quercus rubra L.) acorns were brought to the site and hand scattered to supplement endemic acorns. These supplemental acorns made up 25 to 35% of the total acorn numbers within in the five paired transects. Next, all potentially viable acorns, ones without weevil holes, without attached caps, and fully developed, were inventoried by species and number within ten 1 m 2 plots located along the center line of each transect. The acorn plots were located midway between the vegetation plots. The last acorn plot in each transect was located midway between the last vegetation plot and the transect end. In addition, to estimate potential acorn viability, a random sample of each species was collected, planted in pots, and stored in a refrigerator until the following spring when the pots were placed in a greenhouse. After all eight paired transects were established, control and scarified treatments were randomly assigned to each pair.
The scarification was completed on October 22, 1999, with a 78 hp crawler-dozer with a 2.44-m-wide six-tooth brush rake. The goal of the soil scarification treatment was to incorporate mast into the mineral soil, while not removing all the vegetation or exposing mineral soil. The shallow scarification was accomplished by inserting the rake teeth (~10 cm deep) into the soil surface, making a single pass along each scarification transect. The operator occasionally cleared the rake by a lifting and dropping motion to prevent debris buildup. After scarification, the centerline of each transect were remarked. The control transects were not disturbed.
In February 2000, all trees >1.5 m high impacted by the scarification were tallied by species and diameter (cm) at breast height (dbh), and damage (1 = no sprout potential, 2 = sprout potential) was recorded. Breast height of dislodged trees was determined using a 1.37 m pole placed at the root collar.
On March 27, 2000, after winter storage in a refrigerator, the pots containing moistened potting soil and sample acorns were placed in a heated greenhouse to estimate viability. Wire mesh was placed over each pot to prevent rodent damage. Pots were kept moist with periodic watering. In June 2000 after 72 days, the numbers of germinated and ungerminated acorns in the pots were counted by species. The proportion of viable acorns was calculated for each species.
The June 2000 (spring) and October 2000 (fall) understory vegetation inventories followed the same methodology as the pretreatment vegetation inventory. In the fall inventory, however, it was noted whether the stems were of sprout or seed origin. For sprout origin seedlings, each leader of the sprout was counted as an individual stem.
The field data were summarized by transect. The acorn data were placed into five species classes: QUVE (black oak), QUAL (white oak), QURU (northern red oak), Hickory (Carya spp), and All Oaks (white, black, and northern red). The understory seedling data were summarized into 11 species classes:
1.
sugar maple (Acer saccharum), In addition, one stem of the less desirable species autumn olive (Elaeagnus umbellata Thunberg) was found in the pretreatment inventory, but was not included in the data analysis. The seedling data were also divided into eight height classes: 0 to 24 cm, 25 to 44 cm, 45 to 64 cm, 65 to 84 cm, 85 to 104 cm, 105 to 124 cm, 125 to 144 cm, and 145 to 150 cm.
The data were analyzed using analysis of variance (ANOVA) as a randomized complete block design with two treatments, control and scarified, and with eight blocks (paired transects). The analysis was completed for each of the five mast categories. Likewise, the analysis was conducted on each of the 11 understory categories for the pretreatment, June 2000, and October 2000 sampling dates. The P-value for the Type III sums of squares was compared to alpha = 0.05 to determine if significant differences were present between the control and scarified plots for each of these tests.
The number of stems impacted by the scarification were also summarized and scaled up to a per hectare basis. The density of trees damaged by the scarification was compared to the undamaged control to determine the impact that the treatment had on the midstory and understory trees.
The data collected in the overstory inventory were summarized by species. The basal area (m 2 ha -1 ) and density (number of stems ha -1 ) were calculated for each species. A relative importance value [(relative density + relative dominance)/2] was then calculated for each species (Cottam and Curtis 1956 ). The midstory inventory was summarized by the density (number of stems ha -1 ) for each species.
Results
Black oak dominated the overstory with a basal area (BA) of 6.5 m 2 ha -1 (29% of total stand BA) ( Table 1) . Other important species were white oak and shagbark hickory with 3.5 m 2 ha -1 and 3.0 m 2 ha -1 BA, respectively. The dominant species in the midstory and sapling class was sugar maple, which made up a smaller proportion of the basal area (10%), but had the highest relative density of all species at 30% (112 stems ha -1 ). Due to high relative density of sugar maple, it had the highest relative importance (20%). Large, scattered oaks and hickories occupied the dominant canopy positions, while sugar maple was, for the most part, limited to the lower canopy positions and midstory. Sugar maple and pawpaw were the dominant midstory trees with densities of 500 stems ha -1 and 420 stems ha -1 , respectively. The other species occupying the midstory included: flowering dogwood (240 stems ha -1 ); red elm (120 stems ha -1 ); white ash (40 stems ha -1 ); and with mockernut hickory, hackberry, black walnut, blackgum, and sassafras each occurring at 20 stems ha -1 . The understory had a similar composition prior to treatment, and was dominated by sugar maple, pawpaw, and white ash. Likewise, it contained essentially no oak advanced reproduction. Prior to treatment, there were no significant differences between the vegetation characteristics within the control and scarified plots. The total density of acorns (F = 0.20, P = 0.6678, df = 1,7) did not differ between areas designated for treatment (Table 2) . White oak was the dominant mast species in both the control and treatment plots. The total number of tree seedlings in the pretreatment inventory were also similar (F = 0.19, P = 0.6750, df = 1,7) between treatments (Table 3) . Pawpaw was the dominant tree species in the understory, but considerable numbers of white ash and other species were also present. Advanced oak reproduction was essentially absent in the stand.
After treatment, 59% of the sugar maple midstory trees were damaged by scarification (Figure 1) . Of those stems, 31% were uprooted and did not survive the treatment.
Another 28% of the stems had broken tops, scraped and cut boles, or were sheared at the base, but were to likely resprout. However, pawpaw, the other major species affected by the scarification, exhibited only 3% mortality outright (Figure 1) . A higher proportion (41%) of pawpaw stems were damaged, but were in condition to resprout. Dogwood and winged elm were also impacted, but not to the same extent as sugar maple or pawpaw. Overall, of all midstory stems present 21% were mortally impacted, and an additional 40% were damaged by scarification.
By June 2000, new germinants were seen in both the control and scarified plots (Table 3) . Seedling density for all tree species combined was similar in the scarified and control areas. However, 321% more oak seedlings were present in the scarified plots than in the control plots. Overall, accounting for oaks present prior to treatment, seedling density of all oak species combined represented 4.5% germination of viable acorns in the scarified plots, but only a 1.3% germination rate in the control plots. In June, white oak seedling density was found to be significantly higher (F = 6.55, P = 0.0376, df = 1,7) in the scarified plots (20% of all stems) compared to the control plots (8.5% of all stems). White oak also had the highest number of germinants in the scarified plots and the largest difference between the control and scarified plots. The total number of oaks (9,054 ha -1 ) was also found to be significantly higher (F = 10.3, P = 0.0149, df = 1,7) in the scarified plots, while pawpaw decreased in number (F = 6.34, P = 0.0399, df = 1,7). Also in June, sugar maple had the greatest increase in density of seedlings compared to any other single species. The majority of this increase occurred in one experimental block. Density of sugar maple as well as the other species group increased in both the control and scarified plots, but did not differ between treatments. Between the June 2000 and the October 2000 inventories, density decreased for nearly all species groups in both treatments (Table 3) . Oak exhibited relatively large decreases within this time period. However, 1 yr after scarification, there were still greater numbers of white oak (F = 6.27, P = 0.0407, df = 1,7) (3,041 ha -1 greater) and total number of oaks (F = 8.57, P = 0.0221, df = 1,7) in the scarified plots versus the control plots. At this time there was an even greater proportion of oaks (406% more) in the scarified plots compared to the control plots. Unlike the decrease in density for most other species, yellow-poplar and pawpaw had increased in numbers of stems. Although yellow-poplar was not present in the spring inventory, it was present in relatively small amounts in October. All other species groups remained similar between treatments. Of the seedlings present in the scarified plots 1 yr after treatment, only 11% of the total were a result of seedling resprouts. Of the 11%, 70% of the sprouting stems were pawpaw. As for the oak seedlings, only 1% of the total was from sprout origin. These factors suggest the increased seedling density seen 1 yr after treatment was mostly due to new germinants and not resprouting stems impacted by scarification.
The height distributions of the seedlings <1.5 m prior to treatment and in the June 2000 inventory were similar. In the prescarification inventory, 52% of all seedlings were in the 0 to 24 cm height class. White ash made up the greatest proportion (49%) of these seedlings in this class. In contrast, pawpaw was represented in all height classes and represented 94% of all seedlings taller than 24 cm.
In October 2000, the 0 to 24 cm height class remained the dominant class. In the control plots, 77% of the total tree seedlings present were in the 0 to 24 cm height class. Likewise, 85% of all seedlings in the scarified plots were present in the smallest height class (0 to 24 cm). The vast majority of newly established seedlings of the oaks, sugar maple, and other species that was seen over the first treatment year were present in the 0 to 24 cm height class. Pawpaw was the only species with seedlings >45 cm in height. One year after scarification, the density of pawpaw in the control and scarified plots was not significantly different (F = 2.29, P = 0.1739, df = 1,7). In the control plots, however, 48% of all pawpaw stems were > 45 cm in height, while in the scarified plots only 29% were >45 cm.
Discussion
A key factor to regenerating oak is providing an adequate amount of advanced oak reproduction prior to final overstory removal (Crow 1988 , Johnson et al. 1989 , Larsen and Johnson 1998 . Soil scarification is one treatment that has been suggested to enhance oak reproduction (Scholz 1959 , Crow 1988 , Johnson et al. 1989 (Bundy et al. 1991 , Zaczek et al. 1997 , Zaczek 2002 . Although scarification has been suggested as a tool to increase oak reproduction, few studies exist to support or reject the idea, and there are no reports of this treatment in stands containing a large proportion of white oak.
Although the primary intent guiding the single-pass scarification treatment used in this study was to incorporate mast into the soil, existing vegetation was disrupted. In the scarified transects, the bulldozer impacted nearly 60% of the sugar maple present in the midstory with 31% of all the sugar maple exhibiting mortality outright. Generally it was the larger stems that were uprooted by the treatment. On the other hand, the smaller and more pliable stems of other species (e.g., pawpaw) either sprung up undamaged or only received minor damage such as broken tops or scraped stems. Species-tospecies differences in susceptibility to scarification differences have been suggested (Zaczek 2002) . Results from the current study suggest the type and severity of damage caused by scarification treatment is also related to stem size.
The scarification treatment in the study was applied in widely scattered, relatively narrow transects that did not make a significant impact on the stand's midstory as a whole. If this scarification treatment were to have been operationally applied over a greater area of the stand, however, it would have played a larger role in altering the presence and structure of the midstory. Thus, a more extensive operation may have removed enough of the sugar maple midstory to help alleviate the low light conditions cast by these canopies that can impede the development oak reproduction (Lorimer et al. 1994) . Therefore, this method of scarification used operationally should improve the light level in the stand's understory important to the growth development of existing or new oak germinants.
As determined by the June sample, scarified areas had more than three times the number of oak seedlings, suggesting increased survival and germination of acorns, primarily white oak, compared to undisturbed areas. This represented only 4.5% germination of the viable acorns present in scarified areas versus 1.3% in controls. Germination in control plots was similar to that (2%) reported by Zaczek and others (1997) for northern red oak acorns in a fenced oak shelterwood. However, in response to scarification, Zaczek et al. (1997) reported considerably greater (28%) germination of northern red oak acorns compared to the white oaks in our current study. The different results between the studies may be due, in part, to mechanical damage by the scarification to the radicle of white oak acorns that begin to germinate in the autumn soon after dissemination (Rogers 1990) , dry weather during the fall and early winter, or greater predation pressure at the site. However, mechanical damage was not likely the primary reason for the difference, as few acorns had exposed radicles at the time of scarification, and broken radicles are replaced on freshly sprouted white oak acorns (Rogers 1990) . It is more likely that the lower germination in this study was related to increased predation pressure because the study was conducted on a portion of the wildlife refuge that was closed to hunting. In addition, an unusually prolonged dry period after dissemination may have lead to desiccation of the acorns and reduced germination in the spring. Nonetheless, compared to the control plots, scarification did result in an increase in germinated oak seedlings at the June 2000 inventory.
Although scarification stimulated the initial increase of oak and other desired hardwood seedlings in late spring after treatment, at the end of the growing season there were considerable reductions of seedling density. In addition to the decrease in oak, the number of sugar maple and other species also decreased by autumn. This occurred in both control and scarified areas suggesting that the decline was not directly related to the scarification. Because the stand was fully stocked (85% stocking) with a well-developed maple midstory, cultural conditions were not likely conducive to developing vigorous oak advance reproduction. Also, because this stand was in an area of a wildlife refuge closed to hunting, predation may have been greater than what can be typically experienced in other parts of the region. This could have played a role in the mortality of the germinants over the growing season because decreased seedling numbers over time may be attributed to animal damage such as deer browse (Crow 1988 , Lorimer 1993 .
While most species lost seedlings over time, pawpaw increased in density between the fall and spring inventory. Field observations suggest that much of the increase was a result of resprouting stems that had been cut by the scarification treatment. The change in oak seedling densities between June and October 2000 highlights the importance of recognizing that understory dynamics can change even over a period of months. Results of this study suggest that it is important to have appropriate environmental and cultural conditions for oak seedlings in place at the time of scarification or soon after because seedling losses can rapidly occur.
We found that soil scarification increased oak seedling densities 1 yr after treatment as was found in other studies (Scholz 1959 , Zaczek et al. 1997 , Zaczek 2002 . In these studies, there was an initial increase in northern red oak seedling density in response to scarification treatments. However, Scholz, in a limited study (1959) , found that after 7 yr the advantage provided by disk scarification largely disappeared. Yet it was apparent in the study that stand conditions were not conducive to oak seedling development because the average height of the oak seedlings was just 19 cm after 7 yr. In comparison, Zaczek et al. (1997) and Zaczek (2002) , showed that brush rake scarification conducted within a fenced oak shelterwood resulted in a first year advantage imparted to northern red oak seedlings that was maintained through the third year. By this time, most of the oak seedlings (59%) exceeded 33 cm in height and were favorably positioned relative to other species after three growing seasons, suggesting that stand conditions such as sufficient light and protection from deer browse were important to ensure continued development of oak seedling cohorts.
Our current study presents seedling survival one growing season after treatment, but the long-term development of the seedlings generated by the scarification operation is unknown. Also, this study was conducted on a single site, which limits the scope of inference to sites with similar characteristics. Nonetheless, considering our study with studies conducted on different oak sites in other regions (Scholz 1959 , Zaczek et al. 1997 , and Zaczek 2002 that have also reported increases in oak seedling density following scarification, suggests that this treatment may be initially effective on some other oak sites as well. Many factors could play a role in the further development of the reproduction present in the understory. A well-developed midstory and subsequent low light levels will greatly hinder the development of oak seedlings (Lorimer et al. 1994) . The intolerant to midtolerant oak species are especially harmed and cannot survive over a long period in these low light levels (Crow 1988, Nowacki and Abrams 1992) . Competing vegetation, deer browse, insect outbreaks, disease, and other environmental variables may also add to the mortality of the seedlings (Crow 1988 , Lorimer 1993 , Oak 1993 . A manipulation of the midstory or overstory may help alleviate some of the problems created by low light levels (Loftis 1983 , Janzen and Hodges 1985 , Loftis 1990 , Lockhart et al. 2000 . Without release, the seedlings present will most likely not survive for long. This may leave the stand in a condition similar to what was seen prior to the scarification treatment. The first step in successful oak regeneration, an increase of oak seedlings, has been improved by the scarification treatment. However, we stress that silvicultural procedures such as an overstory thinning should be applied prior to or in concurrence with scarification to help enhance the survival, growth, and development of newly established oak seedlings.
Conclusions
The focus of this study was to determine the effects of soil scarification on acorn germination and first year seedling survival. The results suggest that soil scarification can be effective to increase the density of new oak germinants as well as other desired species in stands that previously lacked advance reproduction. Although it was apparent that additional silvicultural treatments were necessary to ensure the continued development of these seedlings, scarification helped to increase the density of oak reproduction present in the stand's understory, which is a critical first step in successfully regenerating oak stands. 
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